Porphyromonas gingivalis 381 fimbriae, their synthetic peptide segments, and lipopolysaccharide (LPS) were examined for hemagglutinating and migration-stimulating activities. P. gingivalis 381 fimbriae clearly caused hemagglutination, and several oligopeptide segments such as , , and FP381(302-321), corresponding to the amino acid residue numbers based on the amino acid sequence of fimbrillin proposed by Dickinson et al. (D. P. Dickinson, M. A. Kubiniec, F. Yoshimura, and R. J. Genco, J. Bacteriol. 170:1658-1665, were also demonstrated to agglutinate erythrocytes although less effectively than the native fimbriae. Furthermore, P. gingivalis 381 LPS but not Escherichia coli 055:B5 LPS definitely exhibited hemagglutination. P. gingivalis fimbriae as well as their synthetic peptides possessing hemagglutinating activity enhanced the chemotaxically induced migration of human peripheral blood monocytes. The results of the analyses using synthetic peptide FP381(61-80), its related compounds, and an analog suggested that the amino acid sequence XLTXXLTXXNXX within fimbrial protein molecules may play an important role structurally in the attachment of the protein to host cells such as erythrocytes and monocytes.
The adherence of bacteria to surfaces of a host is widely accepted as the initial step in host-parasite interactions (7) . Bacterial infection is associated with a specific bacterial surface structure(s) and with extracellular products reacting with the surface component(s) of host cells. Fimbriae (or pili) are proteinaceous appendages on the surfaces of bacteria that enhance infectivity by promoting the adherence of the organisms to the cell surfaces of the host. Porphyromonas gingivalis is a periodontopathic bacterium which is known to possess fimbriae on its cell surface (18) . P. gingivalis cells and their fimbriae attach to human erythrocytes (17) , epithelial cells (10, 21) , and human gingival fibroblasts (9, 28) . We have previously demonstrated that P. gingivalis fimbrial protein exhibits a wide variety of immunobiological activities such as antigenicity, agglutination of erythrocytes, mitogenicity and polyclonal Bcell activation activities for murine spleen cells, and induction of production of cytokines such as tumor necrosis factor alpha and interleukin-6 in human monocyte/macrophage cultures (8, 17) . Some synthetic peptide segments corresponding to the fimbrial subunit protein fimbrillin were also demonstrated to be responsible for immunostimulation (17) .
The ability of periodontopathic organisms to attach to various kinds of cells of the oral cavity, particularly to those of the periodontal tissues, may be correlated with the development and progress of periodontitis. The attachment site within the fimbrial molecule of periodontopathogens, including P. gingivalis, may play an important role in colonization by the organisms. As gingival inflammation proceeds, phagocytic cells, including polymorphonuclear leukocytes and macrophages, can be found in the inflamed gingival and periodontal tissues (5, (25) (26) (27) . In this study, the agglutination of erythrocytes from different sources and the induction of migration of human peripheral blood monocytes by P. gingivalis fimbrial proteins and their synthetic peptide segments were examined.
On the basis of this study of bacterial attachment to host cells and chemotactic properties, some aspects of the structurefunction relationship of the fimbriae are discussed.
MATERIALS AND METHODS
Preparation of fimbriae and LPS from P. gingivalis. P. gingivalis 381 was grown anaerobically in GAM broth (Nissui; Tokyo, Japan) supplemented with hemin and menadione for 26 h at 37°C. Fimbriae were isolated and purified as described previously (19) . The unit structure of fimbriae, fimbrillin, was identified as a single band of 41 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (18, 19) . P. gingivalis lipopolysaccharides (LPS) were extracted from lyophilized cells by the hot phenol-water method (29 (4) . Silver-stained profiles of the LPS preparations showed ladder patterns.
Synthesis of peptide. Eighteen peptide segments (Table 1 ) based on the amino acids found in the sequence of the native fimbrillin of P. gingivalis 381 (3) were synthesized with a model 9050 peptide synthesizer (Japan Millipore Ltd., Tokyo, Japan) by solid-phase methods (13) . After cleavage of the protecting group with trifluoroacetic acid-m-cresol-ethanedithiol-methanesulfonic acid (90:2.5:5:2.5), the peptide was purified by high-performance liquid chromatography on a reversed-phase column (1.5 by 15 cm; Capcell Pak C18 SG120; Shiseido, Tokyo, Japan) with a linear gradient (6 to 60%) of acetonitrile in 0.1% acetic acid at a flow rate of 23 m/min (17) . The Hemagglutination inhibition assay. Amino acids (e.g., Larginine, L-lysine, L-alanine, glycine, L-leucine, L-serine, and L-valine) and carbohydrates (e.g., D-mannose, L-fucose, Dfructose, galactose, lactose, melibiose, raffinose, N-acetyl-Dgalactosamine, and N-acetyl-D-glucosamine) were tested as possible inhibitors of the hemagglutination reaction. The preparations were purchased from Wako Pure Chemical Industries (Osaka, Japan). All inhibitors, including L-arginine and Llysine, were dissolved in PBS. The inhibitors were serially diluted in twofold steps in PBS. The solutions were added to all test specimen solutions whose respective concentrations induced an activity 32 times higher than the minimum, showing distinct hemagglutination. These mixtures were gently shaken and incubated at 37°C for 30 min. The final pH of these reaction mixtures was adjusted to pH 7.50 before the mixtures were further mixed with erythrocytes in PBS. A 2% rabbit erythrocyte suspension was then added to each well; this step was followed by the addition of 25 p.1 of PBS, and the wells were incubated at 37°C for another 2 h. The effects of rabbit antifimbria immunoglobulin G and mouse monoclonal antibody specific for the fimbriae on the hemagglutinating activity were also examined (20) . The immunochemical properties of these antibodies were reported previously (18) . P. gingivalis fimbriae were preincubated with or without these antibodies at 37°C for 2 h (17). These preparations were assayed for hemagglutination as described above. Hemagglutination was determined by visual inspection.
Chemotaxis assay. N-Formyl-methionyl-leucyl-phenylalanine (Sigma Chemical Co., St. Louis, Mo.) was used as a positive control for the chemotaxis assay. Test specimens and N-formyl-methionyl-leucyl-phenylalanine were diluted with a mixture of seven parts of Gey's balanced salt solution (Gibco Laboratories, Grand Island, N.Y.) containing 2% bovine serum albumin (Sigma) and 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) (Sigma) (Gey's BSA, pH 7.0) and five parts of gelatin-Veronal buffer with 2 M MgCl2 and 1 M CaC12 (GVB +) for the monocyte chemotaxis assay (16) . This mixture is referred to as Gey's BSA-GVB2 .
Heparinized venous blood drawn from healthy donors was fractionated by a modification of the Histopaque (Sigma) method to obtain a cell fraction in which monocytes were enriched. Cells were washed with PBS and suspended at 5 x 106 cells per ml of Gey's BSA. The cells consisted of approximately 20% monocytes and 80% lymphocytes (16) .
Migration of monocytes was tested with a multiwell chemotaxis assembly (Neuro Probe, Cabin John, Md.) (16 Hemagglutination inhibition. The effects of various amino acids and carbohydrates on the hemagglutinating activities of P. gingivalis fimbriae, their synthetic peptides, and LPS were examined. The results indicated that L-arginine as well as L-lysine, but not other amino acids, inhibited the hemagglutinating activities of the fimbriae, FP381(61-80), and LPS at a concentration of 12.5 mM (data not shown). No monosaccharide, oligosaccharide, or hexosamine inhibited the hemagglutination induced by the above-mentioned substances. When P. gingivalis fimbriae were preincubated with rabbit fimbriaspecific immunoglobulin G or mouse monoclonal antibodies against the fimbriae, no hemagglutinating activity of the fimbriae was seen (data not shown).
Stimulation of monocyte migration by P. gingivalis fimbriae and synthetic peptide segments. Figure 1 indicates that P. gingivalis 381 fimbriae significantly stimulated the migration of human peripheral blood monocytes at concentrations ranging from 1 to 100 ,ug/ml. Furthermore, synthetic peptides FP381(61-80), FP381(171-185), and FP381(302-321), which exhibited hemagglutinating activities, markedly enhanced the monocyte migration at concentrations ranging from 0.01 to 100 pg/ml, although the extent of migration was generally less than that with N-formyl-methionyl-leucyl-phenylalanine (Fig. 1) . FP381(69-80) also enhanced monocyte migration at concentrations ranging from 0.01 to 100 pg/ml, and the increased migration was mainly directed toward a positive stimulus (i.e., chemotaxis rather than chemokinesis [see below]) (Table 4) (14, 15) . Furthermore, epitope mapping of these polypeptides was done with a panel of monoclonal antibodies specific for HA-Ag2 (2). We have reported that P. gingivalis fimbriae hemagglutinated erythrocytes from some animal species (17) , while other investigations indicated that P. gingivalis fimbriae induced no hemagglutination of sheep erythrocytes (30) . In this report, we have shown that the abilities of fimbriae to induce hemagglutination varied among animal species, including humans (Table 2) . Some difference in the ability of fimbriae to cause agglutination of erythrocytes within mouse strains was found, while no difference among human erythrocytes of different ABO blood types was found. The difference in hemagglutinating activities among these species might be ascribed to the property of specific binding sites for fimbriae on the surface of erythrocytes and the sensitivity of the hemagglutinating reaction might be due to the number of attachment sites on the surfaces of erythrocytes. It has been known that the fimbriae of various species of microorganisms participate in hemagglutination (24) .
The minimum structure of P. gingivalis fimbrillin that in- duced the hemagglutination reaction was of interest; not only P. gingivalis fimbriae but also synthetic peptide segments of fimbrillin such as FP381(61-80), FP381(171-185), and FP381(302-321) exhibited strong hemagglutination (Table 3) . Furthermore, a structure-activity relationship was analyzed in detail by the use of synthetic peptide FP381(61-80), its shorter segments, and a chemically modified analog. The XLTXX-LTXXNXX sequence within FP381(61-80) appears to be a minimum essential structure. The amino acids of peptide FP381(69-80) at positions 69 and 80 may play an important role in hemagglutinating activity, since the peptide's shorter segments and the analog exhibited no hemagglutination reaction. Furthermore, the same sequence of amino acids was seen within the fimbrial protein between positions 174 and 185, i.e., YLTGSLTTFNGA, and the synthetic peptide FP381(171-185) clearly exhibited hemagglutinating activity (Table 3 ). It was reported that the carboxyl-terminal region of the fimbrillin of P. gingivalis plays an important role in binding P. gingivalis to hydroxyapatite beads coated with whole human saliva (12) . We demonstrated that the peptide mimicking the carboxyl-terminal region of the fimbrillin showed hemagglutinating activity (Table 3) . In this regard, it was reported that 23 amino acid residues at the C terminals of the pilus protein of Pseudomonas aeruginosa may be involved in the adherence of the organisms to the host mucosal surfaces and polymorphonuclear leukocytes (23) . Furthermore, FaeG, the major repeating subunit of K88 fimbriae of E. coli, exhibited hemagglutination properties.
The amino acid sequence located between amino acid residues 128 and 141 in the molecule was found to be essential for induction of specific and strong hemagglutination reactions (1). The amino acid sequence XLTX--XLTX was found in the fimbrial protein molecules of both P. aeruginosa and E. coli. This domain may be considered the binding site of the organisms.
P. gingivalis 381 LPS but not E. coli 055:B5 LPS clearly exhibited hemagglutinating activity with the tested erythrocytes except for sheep, horse, and cow erythrocytes. However, Okuda et al. (20, 21) reported that their LPS preparations from P. gingivalis 381 and E. coli O111:B4 induced no hemagglutination in erythrocytes from humans, sheep, rabbits, and mice. These controversial results remain to be investigated.
Arginine and lysine inhibited the hemagglutinating activities of P. gingivalis fimbriae, their synthetic peptides, and LPS, while other amino acids and the carbohydrates tested did not affect hemagglutination (data not shown). However, it appears that the effective inhibitory dose (12.5 mM in each) of arginine or lysine is considerably high. Thus, arginine and lysine may be reactive with the attachment site(s) present on the surfaces of (21) .
We demonstrated that rabbit and mouse fimbria-specific antibodies clearly inhibited the hemagglutinating activity of the fimbriae, which may indicate that these antibodies bind specifically to the attachment sites of the fimbrial molecule, perhaps resulting in the inhibition of the process of attachment of P. gingivalis to host cells.
Infiltration of inflammatory cells in diseased periodontal tissues has been observed (25) (26) (27) . A variety of bacterial cell components and/or chemotactic products derived from periodontopathic organisms, including P. gingivalis, may contribute to the generation and accumulation of these cells in periodontal diseases. In this study, P. gingivalis fimbriae and their synthetic peptide segments such as FP381(61-80), FP381(171-185), and FP381(302-321) were found to stimulate human monocyte migration (Fig. 1) . Furthermore, a structure-function relationship was investigated by using synthetic peptide FP381(61-80), its shorter peptides, and the analog (Fig. 1) . It was necessary to determine whether the monocyte-migrationenhancing effect of synthetic peptides reported here was actually chemotactic, i.e., a directed migration in response to a concentration gradient of active principles, or was simply due to increased random migration of monocytes (chemokinesis). The checkerboard assay introduced by Zigmond and Hirsch (31) was successfully employed, and it was found that FP381(69-80) stimulated monocyte migration mainly due to chemotaxis and not chemokinesis ( Table 4 ). The amino acid sequence XLTXXLTXXNXX appears to be essential in enhancing monocyte migration. Similar enhancement of monocyte migration was also seen when FP381(171-185) was tested. The amino acid sequence is in conformity with one of the attaching molecules on microorganisms to the host cells. Furthermore, we have previously demonstrated that FP381(61-80) induced production of cytokines such as tumor necrosis factor alpha and interleukin-6 (17) . Therefore, the sequence of the peptide may function as an inflammatory factor when the fimbrial protein molecule is degraded in vivo by a protease(s) derived from either the host or microbes.
In conclusion, P. gingivalis fimbriae possess the peptide segments that induce hemagglutination and migration of monocytes, which in turn may contribute to either host defense or tissue damage during the pathogenesis of periodontal disease.
